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ABSTRACT  
   
In today’s world there is a great need for sensing methods as tools 
to provide critical information to solve today’s problems in security 
applications. Real-time detection of trace chemicals, such as explosives, 
in a complex environment containing various interferents using a portable 
device that can be reliably deployed in a field has been a difficult 
challenge. A hybrid nanosensor based on the electrochemical reduction of 
trinitrotoluene (TNT) and the interaction of the reduction products with 
conducting polymer nanojunctions in an ionic liquid was fabricated. The 
sensor simultaneously measures the electrochemical current from the 
reduction of TNT and the conductance change of the polymer 
nanojunction caused from the reduction product. The hybrid detection 
mechanism, together with the unique selective preconcentration capability 
of the ionic liquid, provides a selective, fast, and sensitive detection of 
TNT. The sensor, in its current form, is capable of detecting parts per 
trillion level TNT in the presence of various interferents within a few 
minutes.  
A novel hybrid electrochemical-colorimetric (EC-C) sensing 
platform was also designed and fabricated to meet these challenges. The 
hybrid sensor is based on electrochemical reactions of trace explosives, 
colorimetric detection of the reaction products, and unique properties of 
the explosives in an ionic liquid (IL). This approach affords not only 
increased sensitivity but also selectivity as evident from the demonstrated 
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null rate of false positives and low detection limits. Using an inexpensive 
webcam a detection limit of part per billion in volume (ppbV) has been 
achieved and demonstrated selective detection of explosives in the 
presence of common interferences (perfumes, mouth wash, cleaners, 
petroleum products, etc.).  
The works presented in this dissertation, were published in the 
Journal of the American Chemical Society (JACS, 2009) and Nano Letters 
(2010), won first place in the National Defense Research contest in (2009) 
and has been granted a patent (WO 2010/030874 A1). In addition, other 
work related to conductive polymer junctions and their sensing capabilities 
has been published in Applied Physics Letters (2005) and IEEE sensors 
journal (2008). 
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CHAPTER 1 
INTRODUCTION AND BACKGROUND 
 
1.1 Motivation 
Real-time detection of trace chemicals, such as explosives, in a 
complex environment containing various interferents has been a difficult 
challenge. Such explosives can be used to create improvised explosive 
devices (IED’s) which account for the majority of terrorist threats to 
civilians as well as in the battle field for military personnel. IED’s can be 
very compact and portable and fabricated with numerous different 
materials. They can also be incorporated in an endless array of 
containers/enclosures and be deployed in different environments that can 
interfere with their detection. Since October 2001, (IEDs, roadside bombs, 
and suicide car bombs) have been responsible for many of the more than 
3,000 combat deaths in Iraq and of the more than 240 combat deaths in 
Afghanistan [1]. Vehicle borne IEDs and car bombs are now used to strike 
police stations, markets, and mosques, killing local citizens as well as U.S. 
troops. U.S. forces counter the devices through utilizing intelligence and 
by disrupting portions of the radio spectrum that insurgents use to trigger 
IEDs. 
One of the most important applications of explosive chemical 
sensing is in Homeland Security. Timely detection of explosive materials 
in public places such as airports, sporting and entertainment venues, 
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plazas, parks, markets is of the highest importance as exemplified in the 
Oklahoma City bombing and the attack to the world trade center in 1993. 
Another component of security is the detection of such dangerous 
materials in cargo that might be introduced to the country trough cargo 
trucks, airplanes or cargo ships.  
The large variety of situations, locations and environmental 
conditions a long with the importance of fast response make the detection 
of explosive materials particularly challenging. 
 
1.2 Sensors for explosives detection 
One of the most important explosive materials requiring detection is 
TNT [2] (Fig 1). TNT is used in most explosive devices as either the main 
explosive material or as a detonator for the main explosive [3]. And one of 
the most difficult challenges in explosives detection is to discriminate the 
analytes from various interferents in harsh and variable environments.  
Another challenge is sample collection, which is particularly important for 
explosives that have extremely low vapor pressures (e.g., TNT) [4, 5] this 
issue is exacerbated by the fact that most of the samples are very small, 
in the micro gram scale, since they are intentionally hidden and only 
particles that stick to exterior surfaces, fingers, or clothing are accessible 
for sample extraction. 
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Figure 1. Structures of Nitroaromatic compounds:2,4,6-
trinitrotoluene(TNT), 2,4-dinitrotoluene (DNT))and Nitrobenzene (NB). 
 
1.3 Sensor characteristics 
As we have mentioned in the previous section, a lot of focus has 
been in the development of sensors for military applications specifically to 
prevent terrorist attacks. Chemical and bio sensors capable of detecting 
explosives like TNT, C4, or gun powder; radioactive bombs; and biological 
agents are needed in various environments ranging from airports, public 
events, and war. The detection of explosives presents one of the biggest 
challenges in our National Security Systems. Explosives have a low vapor 
pressure and their concentration in gas phase range from parts-per-trillion 
(ppt) to parts-per-quadrillion (ppq) levels. 
These issues require significant continued advances, and work still 
needs to be done to improve several aspects of the sensors to provide 
them not only with good sensitivity but also with immunity to changing 
environmental conditions (humidity, temperature, mechanical stress, etc.)  
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To achieve the desired characteristics of our sensors, we need to 
make them very specific to the analyte of interest, and sensitive enough to 
detect trace amounts of an analyte. In addition the sensors need to have a 
fast response time, be environmentally friendly and stable in harsh 
conditions.  
 
The characteristics listed above present a big challenge. Organic 
molecules and biomolecules have been widely implemented as detection 
elements to address one of the more important problems: sensor 
specificity. Employing the correct molecule can yield very high specificity 
for the analyte. These are the so called chemical sensors, that use an 
organic molecule/bio molecule as a recognition element, and the 
recognition event is then transduced into an electrical signal that can be 
analyzed to extract the desired information.   
 
1.3.1 Sensor Design 
A typical chemical or bio sensor is composed of 4 parts: sample 
collection and conditioning, recognition element, transducer and data 
acquisition system (Fig.2).  
The first aspect is sample collection and conditioning. Sample 
collection is often overlooked in the design of a sensor, but together with 
sample conditioning can be the difference between a successful and 
failing implementation of a sensor in a real-life application. 
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In many real-life applications the analyte that needs to be detected 
is surrounded by other materials (interferents). Those materials can have 
higher or similar concentrations than our analyte or can have similar 
properties making it difficult to differentiate between them. 
Therefore, proper design of the sample collection system can also 
enhance the transport of the analyte from the environment to the sensor 
and can increase the concentration that reaches the sensor.   
The second part is the recognition element, this element provides 
the specificity of the sensor platform and can interact with the analyte in 
various ways such as covalent binding, electrostatic interactions, charge 
transfer, or hydrogen bonds.  
The recognition element must undergo or cause a physical 
characteristic change (temperature, resonance frequency, charge 
transport, energy interaction, etc.). This physical change can be 
transduced into an electrical signal that can be easily identified and 
manipulated. This electrical signal is often amplified and then converted 
into a digital signal for data processing.  
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Figure 2. General scheme of a sensor divided into 4 main parts: Sample 
collection and conditioning, recognition element, transducer and data 
acquisition. 
 
The main desired characteristics for sensors are: 
1) High specificity: Detecting only the desired analyte, not responding 
to other materials or phenomena or having a significant signal to 
noise ratio. 
2) High sensitivity: Detection of very low levels of an analyte. 
3) Mechanical and working stability: The sensor must endure 
environmental conditions like temperature changes, contact with 
fluids (gases and liquids) while giving a transduced signal that is 
consistent throughout the experiment. 
4) Fast response time: Real-time monitoring is needed for most 
applications where decisions need to be made in a matter of 
seconds or minutes rather than hours or days. 
 
1.4 Current sensor technologies and challenges 
Many sensors and detection methods have been developed, 
including fluorescence, [6-9] electrochemical, [10, 11]  ion mobility [12, 13] 
and mass spectrometers[14, 15].  
An important example is Ion Mobility Spectrometry. This platform is 
most commonly used in the detection of explosives throughout airports in 
  7 
the U.S. This technique is susceptible to false positive alarms due to the 
similar molecular structure of some medications containing nitroglycerine 
such as the ones prescribed for heart conditions [16]. Such false positives 
are not only inconvenient to passengers being screened but cause mayor 
delays and occupy human resources that could otherwise be available for 
screening and containing real threats. 
 
1.5 Hybrid sensors for explosive detection 
 One promising approach to achieving the characteristics outlined 
above is based on electrochemical methods, which detect electrochemical 
reactions of analytes in an electrolyte. The fact that electrochemical 
reactions of different analytes take place at different potentials provides 
selectivity [17]. The hardware of electrochemical sensors is rather simple 
and can be readily miniaturized, which is suitable for a handheld device. 
However, the need of an electrolyte introduces stability issues arising from 
solvent evaporation and response time problems due to the diffusion of 
analytes via the electrolyte layer. In addition, the interferent problem is not 
completely removed because some potential interferents are 
electrochemically active within the potential range of interest.   
This work will focus on the detection of nitro aromatic compounds 
by using electrochemical, polymer nanojunction and optical sensors in 
combination. 
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A hybrid nanosensor, on an integrated sensor chip, based on the 
electrochemical reduction of TNT and the interaction of the reduction 
products with conducting polymer nanojunctions in an ionic liquid as well 
as the optical detection of those reduction products will be described. The 
sensor simultaneously measures the electrochemical current from the 
reduction of TNT, the conductance change of the polymer nanojunction 
caused from the reduction product and the optical property changes, 
which not only add a new dimension to the selectivity but also improve the 
sensitivity of the integrated device [18, 19]. Furthermore, the sensor chip 
is coated with a thin layer of ionic liquid which serves as a highly stable 
electrolyte [20, 21] for the electrochemical detection and in the meantime 
acts as a surprisingly good preconcentrator, as we have found recently 
[22]. The hybrid detection mechanism, together with the unique selective 
preconcentration capability of the ionic liquid, provides a selective, fast 
and sensitive detection of TNT.  The sensing elements are integrated into 
a single silicon chip and the detection circuit is straightforward, which are 
highly attractive for a handheld device. The sensor, in its current form, is 
capable of detecting ppt-level TNT in the presence of various common 
interferents within a few minutes. 
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1.5.1 Nanoscale sensors  
Scaling down of sensors is something desired for several issues 
such as portability and integration into systems. Most importantly, scaling 
down also yields very important sensor characteristic improvements.  
We note that sensors using nanoscale materials have been actively 
pursued recently. Feldheim et al. [23] have explored sensor applications 
based on the single electron charging effect in metallic nanoparticles using 
a Scanning Tunneling Microscope. Other groups have shown that metallic 
quantum wires are sensitive to molecular adsorption [24-26]. Penner et al. 
[27] have used Pd nanowires for a novel H2 sensor. Several groups have 
reported that the resistance of a single-walled carbon nanotube changes 
upon exposure to chemical and biological species [28, 29]. Lieber’s group 
[30] has used silicon nanowires to detect biological and chemical species. 
Huang et al. [31] have shown that polyaniline nanofibers can provide 
sensitive detection of HCl and NH3 vapors. 
Characteristics of nanoscale sensors such as sensitivity, detection 
limit and dynamic range depend on the device’s charge carrier density, 
receptor density, geometry and dimension. These size dependent 
characteristics are critical for practical applications. Although single 
wire/tube geometries can yield an extremely low detection limits, they can 
also severely restrict the dynamic range of the sensor. 
A device in a nanoFET with 2D configuration comprising wide 
source and drain electrodes and a short distance between the source and 
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drain yields the best characteristics for a sensing application since it 
provides low detection limits and a good dynamic range [32]. This 2D film 
configuration provides a high surface to volume ratio with a large number 
of available binding sites. A large sensor width allows for more conduction 
channels from source to drain which enhances the dynamic range of the 
sensor. 
Polymer nanojunctions are an attractive method for the 
development of nanosize sensors: 
(1)  They have a large surface-to-volume ratio which gives extremely 
high sensitivity and fast response time. This advantage comes from 
the fact that if we have a big surface area compared to the volume 
of the material, most of the analyte will interact with the surface. 
This implies an interaction with a larger percentage of the material; 
making it more sensitive. In addition, the same property makes it 
faster in response since the analyte does not have to diffuse into 
the material, most of the interaction will occur at the surface.  
(2) Deposition of materials through electropolymerization allows 
addressability of individual junctions on the semiconductor chip. 
This is important because it gives the possibility of deposition of 
different polymers with different recognition elements in the same 
device, allowing parallel monitoring of many analytes in a single 
chip. 
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(3)  The reduced dimension requires only small amounts of probes and 
samples, promising a highly integrated device [33]. 
(4)  Polymers can act as a sensing material/transducer through various 
different types of interactions with the analyte such as polymer 
doping and de-doping, mechanical intra-chain disruption, redox 
interactions, optical absorption, etc. (See appendix A for more 
information). They can also be chemically functionalized with other 
biomolecules such as peptides to enhance their selectivity, or can 
be used to trap bio-catalytic species such as enzymes as sensing 
elements.  
 
The use of a polymer nanojunction, as it has been demonstrated by 
previous work [34, 35] is a good platform that provides increased 
sensitivity to the sensor, and thus was chosen as an integral part of this 
hybrid sensor system. 
 
1.5.2 Orthogonal sensing  
One of the most challenging obstacles in real life applications such 
as the detection of explosive materials is the accurate detection. No single 
technique is infallible, and as such can cause both false positive and false 
negative detections. Minimizing false negative readings is an obvious 
advantage and need in the case of explosives detection since we want to 
detect every instance in which such material is present. In the case of 
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false positives, they cause a set of nuisances for example: passengers 
waiting to get to their flights and the agencies which have to commit both 
human and equipment resources to attend the case. 
The use of more than one sensor that uses a different method or 
detects a different physical property of the analyte to be detected will 
improve the accuracy of the sensor system. This is called an orthogonal 
sensor.  
 
As we will discuss in the next chapter this orthogonal approach not 
only gives us different sensing mechanisms which will add to a more 
accurate sensor with lower false positives and false negatives in the 
detection of explosives, but will also provide a sensing system with 
improved sensitivity (polymer nanojunction) and selectivity 
(electrochemical and optical sensors) compared to a single mechanism 
sensor. The next chapters will discuss the experimental methods 
employed for the development of hybrid sensors for the detection of 
nitroaromatic compounds, the results from those experiments, 
characterization and finally their application. 
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CHAPTER 2 
EXPERIMENTAL METHODS 
 
In this chapter, the procedures and methods utilized to fabricate the 
sensors, delivery system and perform their characterization are described. 
The description of such fabrication and characterization procedure 
includes the materials used as well as the conditions under which the 
experiments were performed. 
 
2.1 Conductive Polymer Nanojunctions 
Each polymer nanojunction (PNJ) was formed by 
electropolymerization of 3,4-ethylenedioxythiophene (EDOT) monomers 
(Sigma-Aldrich) to bridge two gold electrodes (WE1 and WE2) separated 
by a small (60 to 100nm) gap [34, 36] on a silicon chip [35]. In order to 
measure the conduction current through the nanojunction, electrochemical 
current or leakage current was minimized by coating WE1 and WE2 with 
Si3N4 except for a 10x10 µm window. The chip was fabricated using 
electron beam lithography at Motorola Labs. First gold electrodes with a 
20 to 80 nm gap were patterned in poly(methyl methacrylate) (PMMA) by 
Leica VB6 EBL system using a 100keV beam on silicon oxide. A trilayer of 
30Å Ti/50A Pt/500Å Au was then evaporated and lifted off. Pt layer was 
used to prevent Ti and Au interdiffusion in later processing steps. Optical 
lithography defined Au lines connect the nanoelectrodes to the bonding 
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pads. The whole substrate is covered with Si3N4 and small windows of 5 
and 10 µm2 are etched around the nanoelectrodes area to minimize the 
exposed gold area and thus leakage current. The silicon chips were 
thoroughly cleaned before polymer deposition to remove the PMMA layer 
used in fabrication. They were dipped in acetone and ethanol for 4 and 2 
minutes respectively, followed by UV-ozone treatment for 10 minutes and 
ethanol and thorough rinsed with deionized water (Nanopure infinity, 
Barnstead). 
 
1-butyl-3-methylimidazolium hexafluorophosphate (BMIM-PF6
-) was 
chosen as the electrolyte for the nanojunction electropolymerization for its 
high temperature stability and low vapor pressure. The BMIM-PF6
- ionic 
liquid was prepared according to a modified procedure reported by Dupont 
et al. [37]. First, 5 mL (64.2 g, 0.69 mol) of 1-chlorobutane and 50 mL of 1-
methylimidazole (51.8 g, 0.63 mol) were added to a dry round-bottom flask 
fitted with a reflux condenser and a magnetic stirring bar. The reaction 
mixture was stirred at 80 oC for 48 h. The unreacted 1- chlorobutane was 
evaporated at reduced pressure. 1-methylimidazole was washed three 
times by adding small amount of ethyl acetate to the mixture and 
decanted. 1-butyl-3- methylimidazolium chloride (BMIM-Cl) was obtained 
by evaporating the remaining ethyl acetate at reduced pressure and drying 
in a vacuum oven. 69.6 g (0.38 mol) of KPF6 and 150 mL of H2O were 
added into a round-bottom flask, followed by the addition of 50 mL (0.32 
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mol) of as prepared BMIM-Cl. After vigorous stirring for 24 h at room 
temperature, undissolved KPF6 disappeared and two phases were 
formed. The lower ionic liquid layer was separated and dissolved in 50 mL 
dichloromethane. The dichloromethane solution was washed with water 
until no Cl- anion in the water layer could be detected by AgNO3 solution. 
Dichloromethane was evaporated and 1-butyl-3-methylimidazolium 
hexafluorophosphate (BMIM-PF6
-) was obtained as colorless or slightly 
yellow viscous liquid after drying in a vacuum oven. 1-chlorobutane, 1-
methylimidazole, ethyl acetate and dichloromethane were purchased from 
Beijing Chemicals Company (China). 
Poly(ethylenedioxythiophene) (PEDOT) [38] was chosen for TNT 
detection because its redox response to the reduction products of 
nitroaromatic compounds (we will return to this later). The 
electropolymerization was carried out by cycling the potentials of the two 
electrodes in 0.1 M EDOT with 1-butyl-3-methylimidazolium 
hexafluorophosphate (BMIM-PF6) as supporting electrolyte [39, 40]. A Pt 
and a Ag wire were used as a counter electrode and quasi-reference 
electrode respectively, and the electrochemical potentials were controlled 
with a homemade bipotentiostat. During the electropolymerization, a 50 
mV bias voltage was applied between WE1 and WE2 while WE1 was 
cycled between -0.5 to 0.9 V at a rate of 100mV/s.  Successful formation 
of the polymer nanojunction was confirmed and characterized by 
measuring the source-drain current (Id) vs. bias (Vbias) and Id vs. 
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electrochemical gate voltage (Vg) with a Keithley 617 electrometer and 
recorded on a Yokogawa DL708 oscilloscope. The former, performed in 
dry air, exhibits a linear ohmic relation between -0.1V and 0.1 V (Fig.3), 
while the later shows the characteristic redox behavior of PEDOT (Fig.4).   
 
Figure 3. I-V characteristics in air of a PEDOT nanojunction. 
 
Figure 4. Cyclic voltammogram Eg vs. Id of a PEDOT nanojunction. 
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2.2 TNT detection 
WE1 or WE2 could not be used as electrodes for electrochemical 
detection of explosives for two main reasons: 1) the potential required for 
the TNT reduction (~ -1.7V) irreversibly reduces the polymer destroying its 
conductivity and 2) both WE1 and WE2 have a relatively small area 15 
µm2, which is not efficient to quickly generate a large quantity of reaction 
products for the nanojunction sensor. In order to overcome the polymer 
junction’s loss of conductivity and optimize the electrochemical reduction, 
a third working electrode (WE3) was fabricated near the polymer 
nanojunction and a homemade tri potentiostat was used to apply and 
control different potentials on the nanojunction and the reduction 
electrode. WE3 is also made of Au (180 nm thick on 5 nm Cr layer) with 
an area of 24 mm2.  The surface area of WE3 is 1.6x106 times greater 
than both the areas of WE1 and WE2. WE3 was ~ 300 µm away from the 
nearest nanojunction built on WE1 and WE2. All three working electrodes, 
WE1, WE2 and WE3, were wire-bound to a package and connected to a 
homemade tripotentiostat for simultaneously monitoring the conductance 
of the polymer nanojunction formed between WE1 and WE2 and the 
electrochemical reactions taking place on WE3 (Fig. 5). 
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Figure 5. Schematic of polymer nanojunction and electrochemical sensor. 
The polymer nanojunction bridges WE1 and WE2, and the drain current 
from it is then monitored. WE3 on the right is where the electrochemical 
reduction of the nitro aromatic compounds will occur.   
 
Before exposing to the TNT vapor, the electrical response of the 
PEDOT nanojunction was characterized in the ionic liquid by sweeping 
WE1 potential between -0.3 to 0.3 V with a fixed 50 mV bias between 
WE1 and WE2. The fixed WE1-WE2 bias was used to drive an electrical 
current through the nanojunction, and WE1 potential with respect to the 
reference electrode controls the redox state of PEDOT. As shown in Fig. 4 
the current via the nanojunction increases with the potential. This is 
expected because PEDOT transforms from the insulating reduced state at 
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low potentials to the conducting oxidized state at high potentials. The 
conduction current (Id) vs. potential (Vg) characteristic is rather stable upon 
repeated sweep of the potential in TNT-free environment. The cyclic 
voltammogram of the electrolyte solution using WE3 on the same chip 
shows essentially featureless cyclic voltammograms except for a small 
broad peak near -1 V (will be discussed in more detail in the next chapter), 
due to oxygen reduction in the ionic liquid [40, 41]. 
 
Since TNT has an extremely low vapor pressure (4.8x10-6 Torr) at 
room temperature [5], TNT residues are expected to last for a long time 
under ambient conditions, which can be collected and detected in vapor 
form upon heating. To simulate this scenario, a small amount of TNT (e.g., 
1-100 µg) was placed on the heating element either directly from the 
powders or by drying out a TNT solution in acetonitrile. TNT vapor was 
generated by heating the solid residue at 60 ˚C.   
 
2.2.1 TNT vapor generation 
TNT vapor was generated by placing a solid grain (varying from 1-
100 µg) of TNT or by drying up solutions in TNT containing acetonitrile on 
a resistive heating element. The heating element, together with the sensor 
chip, was enclosed in a Teflon cell. The temperature of the heating 
element was ramped up and then maintained at 60 °C with a homemade 
electronic circuit. The PEDOT nanojunction sensor was activated by 
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sweeping WE2 vs. the Ag reference electrode between -0.3V to 0.3V 
while keeping a fixed bias between WE1 and WE2 at 50mV. In the 
meantime, the electrochemical detection of TNT was controlled by 
sweeping the potential of WE3 from -1.8V and -1.2 V within which the 
reduction of TNT took place. The conductance of the PEDOT nanojunction 
(between WE1 and WE2) and the electrochemical current of WE3 were 
recorded.  
 
2.3 Sample Delivery system for Interferents analysis 
The sensor chip was wire-bonded to a chip package using a 
Westbond 7476D-79 bonding machine, and then tightly enclosed in a 
Teflon chamber (volume = 0.165 cm3) to minimize dead volume. A 
schematic of the sample delivery system is shown in Figure 6.  
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Figure 6. Schematics of experimental setup for interference tests onto 
hybrid nanosensor. The wire bonded silicon chip and its package were 
connected on a bread board and covered by a Teflon enclosure. The 
Tedlar bags containing the interferent materials are connected to the gas 
diluter system. The system is connected to the Teflon enclosure inlet to 
expose the sensor to the interferent. 
 
The Teflon enclosure inlet was connected to the gas diluter outlet 
using PEEK tubing chosen for its inert properties. The outlet of the 
enclosure was connected to ambient inside of a fume hood using PEEK 
tubing as well. 
Tedlar bags were used to provide a controllable source of 
interferent materials. Concentration of interferent materials was controlled 
by mixing the saturated samples from the Tedlar bags with ambient air 
using the gas dilutor system.  
Samples of some common interferents, including perfume (Antonio 
by Antonio Banderas), mouthwash (Listerine), body spray (Calgon, Coty 
US LLC), cigarette smoke and water vapor, were prepared in Tedlar bags. 
Appropriate concentrations of the interferents were prepared by diluting 
the corresponding saturated vapors with ambient air using a gas diluter 
(Model 1010, Custom Sensor Solutions, Inc., Oro Valley, AZ).  For 
perfume, mouthwash and body spray the concentrations were kept at 2% 
of the saturated vapors. This concentration range safely covers the range 
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of interferents’ concentration under realistic conditions. The humidity test 
used controlled humidity varying from 50 to 100% and also ambient 
humidity at ~40%. Finally, dilutions of, 2, 20, 50 and 100% of cigarette 
smoke were tested. In each case, the sensor was exposed to the 
interferents for 3 minutes under constant flow (0.3L/ min) and then flushed 
with ambient air. 
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CHAPTER 3 
DETECTION OF NITRO AROMATIC EXPLOSIVES USING AN 
ELECTROCHEMICAL AND POLYMER NANOJUNCTION SENSOR 
 
This chapter describes the experiments performed utilizing the 
methods described in the previous chapter for the detection of nitro 
aromatic explosives and presents their results and discussion. 
 
3.1 Electrochemistry of TNT 
Electrochemical studies of nitro aromatic compounds (NAC’s) have 
shown repeatedly that the reduction of the nitro group in NACs usually 
occurs in two steps, including the formation of amine and hydroxylamine, 
as shown in figure 13, and the reduction of Ar-NO2 to Ar-NO can be 
achieved through two one-electron transfers or one two-electron transfer. 
Each nitro group (NO2) undergoes sequential 6e
- reduction (Fig.15) to an 
amine group (NH2) [11]. This is evident in the electrochemical reduction 
peaks that represent the three redox signals at -462, -649, and -848 mV 
that correspond to the stepwise reduction of three nitro groups to the 
corresponding amine in TNT electrochemistry.   In the case of 2,4-DNT 
there are two strong redox signals at -585 and -815 mV in 0.5 M NaCl 
solution containing 6.8 nM 2,4-DNT, corresponding to the stepwise  
reduction of two nitro groups to the corresponding amine [11]. Such 
electrochemical properties enable the discrimination between different 
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nitroaromatic compounds. The main drawback is the fact that other 
species can also be electrochemically active in the same potential window 
as TNT, thus convoluting the response, and acting as an interferent. 
 
 
Figure 7. Mechanism for the reduction of nitro groups in nitroaromatic 
compounds in water [11]. 
 
In the case of critical applications such as explosives detection an 
approach in which 2 or more sensors with orthogonal sensing techniques 
are used together is preferred. The orthogonality of the sensors implies 
having completely different detection mechanisms, thus yielding a more 
accurate sensor less prone to false alarms and more robust in the face of 
environmental conditions and interferents. 
 
3.2 PEDOT 
Polypyrrole (PPy) and Poly 3,4-ethylenedioxythiophene (PEDOT) 
were investigated as possible conductive polymers (see appendix A) for a 
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nanojunction sensor for nitro aromatic compound detection. Both have 
great stability in neutral media and good conductivity at room temperature. 
Both PPy and PEDOT were electrochemically deposited on Au electrodes 
until the whole electrode area was covered. A room temperature ionic 
liquid (RTIL), 1-butyl-3-methylimidazolium hexafluorophosphate (BMIM-
PF6
-) (Fig. 8) was chosen as the electrolyte because of its very low vapor 
pressure and wide electrochemical potential window (see Appendix B). 
Both are important characteristics for the electrochemistry of nitro 
aromatic compounds that will enable the sensor to last longer in the field 
without adding more electrolyte and will be capable of applying very 
negative potentials (-1.7V) required to reduce TNT molecules.  
 
N N
+BMIM
+
 = A
-
 = PF6
-
 
Figure 8. Chemical structure of BMIM – PF6
- ionic liquid used as 
electrolyte for the PEDOT nanojunction and for nitro aromatic compound 
electrochemistry. A- denotes the anion, in this case PF6
-. 
 
The electrochemistry of DNT on the PEDOT coated electrode 
showed a reversible redox reaction with well-defined peaks (Fig. 9) unlike 
the case of PPy (not shown) or the bare Au electrode, making it our choice 
of polymer for our nanojunctions. 
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Figure 9. A) Cyclic voltammogram (CV) of the electrochemistry of DNT on 
a PEDOT coated Au electrode. The red curve shows the reduction and 
oxidation of the PEDOT coated Au electrode in BMIM-PF6
- ionic liquid and 
the black curve the reduction and oxidation of DNT in the ionic liquid using 
the PEDOT coated electrode. B) CV of the electrochemistry of DNT on a 
bare Au electrode. The red curve shows the voltammogram of the ionic 
liquid on the Au electrode and the black curve shows the electrochemistry 
of DNT in BMIM-PF6
- in the bare Au electrode 
 
3.2.1 PEDOT nanojunction stability 
The nanojunction stability in the ionic liquid over different 
electrochemical potential ranges was studied. The polymer looked stable 
in the 0 to -800mV (Fig. 10A) range but when the potential was reduced 
further to (-1.6V), the last reduction peak in TNT, the polymer started 
losing its conductance irreversibly (Fig. 10B). 
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Figure 10. A) Cyclic voltammogram of a PEDOT nanojunction in BMIM-
PF6
- after 20 minutes cycling from 0 to -0.8V. Polymer shows good stability 
(left plot). B) Cyclic voltammogram of the same PEDOT nanojunction 
cycled from 0 to -1.6V (required for TNT reduction) as a function of time 
(right plot) after 10 (black), 20 (red), 30 (blue and green) minutes 
respectively. Polymer shows irreversible decrease in conductance. 
 
This conductivity loss restricts the potential that can be applied to 
the polymer, making it necessary to reduce the TNT in a separate 
electrode. 
 
3.3 DNT detection 
For our first experiments DNT was used since its redox peaks 
happen at lower potentials than TNT’s third peak. DNT is also a less 
reactive molecule and thus safer to handle. 
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In order to detect nitro aromatic compounds with the polymer 
nanojunction we need to obtain a reduced product to interact via a redox 
reaction with the oxidized conductive polymer.  
A separate electrode was used to act as the working electrode 
(WE3) for the DNT reduction. A PDMS cell was used on top of a silicon 
chip to contain the ionic liquid electrolyte and the external working 
electrodes for the DNT reduction. The connections to the polymer 
nanojunction remained disconnected during the reduction cycles of DNT 
to avoid irreversible polymer reduction. Once DNT was reduced the 
electrochemical circuit for reduction was disconnected and the polymer 
nanojunction circuit re-connected. Figure 18 shows the results. The 
PEDOT nanojunction did not react when a blank sample of the BMIM-PF6
- 
ionic liquid was introduced but had a significant potential shift (~182mV) 
after DNT reduction on the chip (Fig. 11). 
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Figure 11. I vs. electrochemical potential curve of a PEDOT nanojunction 
in BMIM-PF6
- ionic liquid after stabilization (black), after introducing an 
extra amount of ionic liquid as a blank (red) and after reducing DNT (blue). 
A shift of 182mV is detected in the electrochemical potential of the 
polymer. 
 
3.4 TNT detection 
The next step was to detect TNT, our target explosive compound. 
As mentioned previously TNT has a very low vapor pressure so a resistive 
heating element was employed to increase the TNT vapors. The heating 
element increased the temperature to 60oC measured using a 
temperature sensor directly placed on the heating element. A small 
sample of TNT in the micrograms was used both to emulate similar 
conditions to those likely to be found in the real application and for safety 
since TNT is an explosive material. The sensor with the ionic liquid layer 
was exposed to the vapors for it’s detection. The same procedure used for 
DNT detection was employed. TNT was reduced at a -2V potential in WE3 
while the PEDOT nanojunciton is cycled between 0.3 and -0.3V vs an Ag 
reference electrode. 
 
3.4.1Diffusion of reaction products 
Figure 12 shows a current vs. gate voltage curve (red curve) 
recorded 3 min after releasing TNT vapor, showing a ~100 mV negative 
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shift of the curve (black curve). By stirring the ionic liquid using a pipette, 
an additional ~550mV was observed. The large additional shift indicates 
that the diffusion is the limitation for the current sensor. Electrode 
geometry as well as the distance from WE3 to polymer nanojunction and 
the ionic liquid layer thickness can be optimized to improve diffusion 
efficiency. 
 
Figure 12.- Id vs Vg plot of a PEDOT nanojunction exposed to vapors 
generated by heating  a ~1 µg TNT sample. The black curve is taken 
before TNT reduction on WE3. After the reduction process a shift of 
~100mV is observed (red curve). When mechanically disturbed, more 
reaction product of TNT can reach the polymer junction, thus resulting in a 
much greater shift in the Id vs. Vg plot. 
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The amount of TNT vapor reaching the ionic liquid was estimated 
with a tuning fork sensor operated as a microbalance [22, 42, 43]. The 
surface of the tuning fork sensor is SiO2 on which TNT vapor is known to 
stick strongly, allowing us to estimate the TNT vapor flux from the heating 
element (Discussed in the next section). In the example discussed above, 
the estimated concentration was ~1.7 µM after 3 min heating the sample.   
 
3.4.2 TNT concentrations from vapor generation 
In order to estimate the TNT concentrations obtained in the ionic 
liquid from TNT vapor generation with our home-made heating element, 
we determined the evaporated TNT mass using a quartz tuning fork mass 
loading sensor (18 ng/Hz sensitivity). The tuning fork sensor placed at the 
same location as the hybrid sensor chip detects TNT vapor during the 
heating process (Fig. 13). Due to the high affinity of TNT on quartz, the 
TNT vapor condenses on and sticks well to the quartz surface, which was 
observed as an irreversible increase in mass. The ionic liquid is also 
expected to capture the TNT vapor with high efficiency, as we found in 
recent study described in Ref. [44].  So the tuning fork mass sensor 
provides a good estimate of the amount of TNT vapor captured by the 
ionic liquid.  
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Figure 13. TNT mass evaporation from the heating element used in the 
hybrid sensor experiments. TNT mass changes resulting from heating 
steps of 2-3 min. in absence and presence of a TNT sample of ~ 100 µg. 
A tuning fork of 0.15 cm2 area and mass sensitivity of 18 ng/Hz was used 
as mass loading sensor in a position equivalent to the hybrid sensor 
position. Horizontal arrows show the time corresponding to heating 
periods at 60 0C. 
 
The response of the PEDOT nanojunction to the reaction products 
of TNT at different concentrations was studied. Fig. 14a shows the results 
of a sensor chip with TNT concentration varying from 30 pM to 6 nM of 
TNT in the ionic liquid, which demonstrates that 30 pM (6ppt) can be 
detected with the nanojunction. To examine the dynamic ranges, TNT 
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concentrations up to 1.7 mM were tested, and a calibration plot of the 
PEDOT nanojunction response vs. TNT concentration was obtained (Fig. 
14b). The plot shows a detection limit of a few ppt with a dynamic range 
covering at least six orders of magnitude of concentrations. This detection 
limit is signficantly higher than electrochemical method alone and useful 
for many applications. As we have mentioned earlier, the slow diffusion of 
the reduction products is currently a factor that limits the sensitivity and 
response time of the sensor. Further improvement can be made by 
optimizing the electrode geometry and the ionic liquid layer thickness.  
 
Figure 14. (a) Id -Vg curves for a sensor before TNT exposure (black) and 
after exposures to solutions with TNT concentrations of 30 pM (red), 60 
pM (green), 3 nM (blue) and 6 nM (cyan). (b) The shift of the Id -Vg (∆Vg) 
vs. TNT concentration. To cover the wide dynamic ranges the calibration 
curve was obtained with three different sensors.  
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We have carried out several control experiments in order to confirm 
that the observed response of the PEDOT nanojunction was indeed due to 
the reduction products of TNT. First, in the absence of TNT, holding WE3 
at negative potentials did not result in any response in the PEDOT 
nanojunction sensor (blue curve on Fig 15b). Second, we added TNT to 
the ionic liquid (~1.7 µM) but without applying a negative potential to WE3 
to reduce TNT, which did not change the response of the nanojunction 
sensor either (cyan curve on Fig. 15b). Finally, we examined possible 
heating effect on the polymer nanojunction and electrochemical detection 
during the process of TNT vapor generation. This was done by repeatedly 
ramping a blank heating element to 60 ˚C and holding the temperature for 
a few min. In each test, no visible response in the PEDOT nanojunction 
was observed (will be discussed in further in the characterization section). 
These tests also show that the heating does not result in evaporation of 
the ionic liquid, due to its low vapor pressure and high boiling point [45]. 
Upon exposure to the TNT vapor with no potential applied to WE3, 
Id-Vg characteristic of the PEDOT nanojunction remained unchanged (red 
curve in Fig. 15b). In contrast, when a negative enough potential (-1.8 to -
1.2V) is applied to the electrode, the cyclic voltammogram (red curve in 
Fig. 15c) showed multiple peaks, due to the reduction of TNT. These 
distinctive reduction peaks are in good agreement with the findings 
reported previously [11, 17]. This electrochemical response was 
accompanied by a negative shift in the Id-Vg curve of the nanojunction. 
  35 
The total amount of the potential shift reached ~ - 0.36 V within 2 minutes 
(red curve in Fig. 15b), which provides a sensitive detection of TNT. The 
large response of the PEDOT nanojunction is attributed to the reduction 
products of TNT that change the redox state of PEDOT, as we will discuss 
later. The response is limited by the diffusion of the reduction products 
from WE3 to the PEDOT nanojunction. By mechanically stirring the ionic 
liquid, a faster response was observed (Fig. 12). The fact that the PEDOT 
nanojunction is sensitive only to the reduction products of TNT is essential 
to discriminate TNT from potential electrochemical active interferents. 
 
 
Figure 15. (a) A hybrid nanosensor consists of a conducting polymer 
nanojunction (polymer bridged between WE1 and WE2) and a working 
electrode (WE3) on a Si chip. The chip is covered with a thin layer of ionic 
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liquid (BMIM-PF6
-) serving as electrolyte and preconcentration medium. 
Upon heating TNT particulates (to 60 °C), TNT vapor is generated which 
is collected by the ionic liquid layer. The analyte is reduced and detected 
electrochemically on WE3, and the reduction products are detected by the 
polymer nanojunctions. Inset: Optical micrograph of the sensor chip used 
and an SEM image of the PEDOT nanojunction. (b) Cyclic 
voltammograms of a blank BMIM-PF6 solution (black) and 4 ppM TNT in 
BMIM-PF6
- (red). The large reduction current in the latter case is due to 
the reduction of TNT. (c) Current (Id) via the PEDOT nanojunction plotted 
as a function of WE1 potential before and after exposure to TNT. Note that 
a Ag wire quasi reference electrode and a Pt counter electrodes are used 
(not shown). 
 
3.5 Interferents analysis 
A useful sensor must be able to discriminate analytes from 
common interferents in ambient environment. We performed further 
experiments testing the response of the hybrid nanosensor to different 
interferents. Fig. 16a shows a comparative plot of the potential changes in 
a PEDOT nanojunction resulting from exposures to a 2% of the saturated 
vapors of perfume, mouth wash, body spray and 100% cigarette smoke 
and as well as TNT vapors.  
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Figure 16. Responses of the hybrid nanosensor to different interferents 
and TNT. (a) ∆Vg is the shift of the Id vs. Vg curve of the PEDOT 
nanojunction. (a) ∆IEC is the electrochemical reduction current measured 
by WE3 at -1.2V. 
 
We have also compared the effects of the same interferents on the 
electrochemical detection (Fig. 16b). We found that the electrochemical 
detection alone is more prone to interferents, which underscores the 
importance of the integrated nanojunction and electrochemical sensor on 
the same chip. 
The response of the nanojunction to each of the highly 
concentrated interferents is negligible comparing to the large shift by the 
trace level TNT (Fig.17). 
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Figure 17. Id - Vg plots of possible interferents collected on the sensor from 
vapors of (a) 2% of the saturated vapors of a perfume, (b) 2% of the 
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saturated vapors of a mouthwash, (c) 2% of the saturated vapors of a 
body spray, (d) 50%, 80% and 100% relative humidity and (e) 2%, 20%, 
50% and 100% of cigarette smoke. (f) Cyclic voltammograms showing 
electrochemical reductions on WE3 after exposure to perfume, 
mouthwash, body spray, cigarette smoke and TNT.  
 
3.6 Effect of Humidity 
We have also tested the scenario of a large variation in relative 
humidity (see Fig. 17D). A high fixed humidity does not affect the detection 
of TNT, but a large change in humidity can cause a small shift in the Id-Vg 
curve of the sensor. For example, increasing the relative humidity (RH) 
from 50% to 100% can shift the curve by 50 mV. Apparently, although the 
ionic liquid is hydrophobic, BMIM+ has an acidic C2-H group and a small 
amount of water can still dissolve in it due to favorable hydrogen bond 
interactions [46].  
From the interferent study described above we observe that 
exposure to RH changes introduces a shift on the Id – Vg characteristics of 
the sensor. Figure 18 gives a better insight of the magnitude of the 
interference shift. The maximum shift observed for 100% humidity is 
71mV. This confirms that sudden humidity changes can interfere with the 
detection of trace TNT levels below 100ppt. The humidity effect may be 
compensated by monitoring the humidity level or reduced by controlling 
  40 
the humidity. However, we note that even at 100% humidity, a few 
hundred of ppt can still be detected. 
 
 
Figure 18. Potential Shift (∆V) in mV vs. Relative Humidity in percentage 
plot of a PEDOT nanojunction exposed to 50, 80 and 100% RH (shown in 
Fig. 17d). The initial humidity in the ambient air was approximately 40%. 
The total shift from 100% humidity was 71mV. 
 
Figure 16a illustrates enhanced selectivity of the hybrid sensor 
were the ratio for the electrochemical shift for TNT vs. most of the 
interferents is ~40:1 and in the worst case (humidity saturation) a ~4:1 
ratio. 
The improved selectivity of the integrated sensor for detection of 
nitroaromatic molecules can be attributed to: 1) the distinct 
electrochemical signatures given by the specific potentials of the reduction 
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peaks of the nitro-groups in nitroaromatic compounds, 2) the strong redox 
interactions between the reduction products of nitroaromatic compounds 
and PEDOT (see discussion below) and 3) selective preconcentration of 
nitroaromatic compounds by the ionic liquid [22].  
A shift in the Id - Vg curve could be either due to a change in the 
polymer material[47] in the  nanojunction or a potential shift in the 
reference electrode [48]. In order to determine the origin of the observed 
potential shift we monitored the peak positions of TNT reduction reactions 
using a redox probe (ferrocene) as an internal reference calibration. We 
found that the exposure of the Ag reference electrode to the TNT 
reduction products did not cause significant potential shifts in the TNT 
reduction and ferrocene redox peaks, indicating that the shift in the Id - Vg 
curve is not due to changes in the reference electrode. Instead, the shift 
must be due to the interaction of the TNT reduction products with the 
PEDOT nanojunction. 
 
3.7 Sensor fusion 
In order to get the best utilization of the data extracted from this 
hybrid sensor sensing system, and make intelligent decisions from it, data 
fusion was performed to determine the presence of TNT. This sensor 
fusion data analysis was done in collaboration with Prof. Andreas Spanias 
and Dr. Narayan Kovvali. 
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In the sensor fusion a least-squares based feature extraction 
technique is used to isolate the signature of the analyte TNT from 
measured sensor signals from both the electrochemical sensor and the 
polymer nanojunction sensor. Bayesian decision fusion is then employed 
to integrate the information obtained from both the sensor platforms [49]. 
Our results indicate that the sensor-fused detector is capable of achieving 
high probability of detection (near 90%) at very low false alarm rates. The 
method is computationally efficient and amenable for field deployment in a 
mobile hand-held device. 
While these results are encouraging, they are based on a limited 
amount of data. Further experiments are required to build a statistically 
significant dataset so that the performance of the explosive detection 
system can be assessed with greater confidence. This data fusion was 
limited only to consider a binary hypothesis scenario where data is 
classified either as blank or TNT. This framework needs to be extended to 
account for the varied chemicals and interferents encountered in real 
environmental conditions. 
From the plots in Figure 15(a) for the polymer nanojunction sensor 
signals, we see a shift in voltage and/or current in the presence of TNT as 
compared to the blank case. In both cases, the magnitude of these effects 
depends on factors such as temperature, TNT amount, and exposure 
time. Since our goal is to detect the presence of TNT, the feature 
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extraction algorithms are designed to isolate these differences between 
the signals for the blank and TNT cases. 
The features used to identify the presence of TNT are the 
amplitude and curvature of the peaks in the current at known voltage 
positions (for the electrochemical sensor response) and the relative 
magnitude shift in the voltage and/or current (for the polymer nanojunction 
sensor signals). A simple yet effective tool for extracting these features 
from the measured sensor signals is provided by the method of least-
squares. 
The Bayesian decision fusion approach in which local decisions are 
first made using data from individual sensors and these are then 
combined at a decision fusion center to arrive at a global optimal decision. 
The decision fusion framework has advantages such as flexibility in 
combining different types of sensing and processing schemes and the 
availability of local decisions if needed. 
The individual detectors which provide the local decisions at the 
electrochemical and polymer nanojunction sensors are designed as 
follows. For the electrochemical sensor data, the test statistic for 
identifying the presence of a peak at an initial voltage position is defined 
as the combined amplitude-curvature. The local detector uses the 
presence of peaks at two voltage positions and to detect TNT using a 
threshold value for both peaks. 
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 For the polymer nanojunction sensor data, the test statistic used to 
identify the presence of TNT is the shift of the potential compared to the 
reference shift feature extracted from a signal for the blank case. 
Figure 19 shows the receiver operating characteristic (ROC) curves 
obtained in this manner for the detection for blank vs. TNT using the 
electrochemical and polymer nanojunction sensors. From the plots, the 
performance of the polymer nanojunction sensor can be seen to be 
superior to that of the electrochemical sensor for lower probabilities of 
false alarm in that it yields higher detection probabilities. At higher false 
alarm probabilities, the performance is similar for both sensors. 
The ROC curves are coarse due to the limited amount of data 
available in our tests. 
Finally, Bayesian decision fusion is carried out using the outputs of 
the local detectors at the electrochemical and polymer nanojunction 
sensors. 
The ROC curve, that plots the positive detections (Pd) vs. false 
positives (Pf), for the sensor-fused detector is also shown in Figure 19. 
Compared to the individual detectors, the performance of the fused 
detector can be seen to be better in general. The slight discrepancy for the 
lower false alarm rates may be attributed to the error in estimating the 
required probabilities from a small sized dataset. In an ideal sensor Pd = 1 
and Pf = 0 for the entire data set. 
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Figure 19. ROC curves for TNT detection vs. blank for EC and PNJ 
sensors and their fused response.  
 
In summary, we have demonstrated an integrated electrochemical 
and electrical nanosensor for sensitive and selective detection of 
nitroaromatic explosives vapors. The sensor utilizes both the 
electrochemical signatures of the reduction of the analytes and specific 
interactions of the reduction products with the polymer nanojunctions to 
achieve excellent selectivity. The electrical detection of the polymer 
nanojunctions leads to high sensitivity. Furthermore, BMIM-PF6
- is used 
not only as a stable electrolyte but also as a preconcentration medium for 
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nitroaromatic compounds. The sensor is capable of detecting ppt-level 
TNT within 1-2 minutes in the presence of various common interferents 
found in ambient air. The hybrid design combined with the data fusion 
increases the reliability of the sensor and lowers the probability of false 
positive and false positive detection of the explosive. We believe that the 
integrated sensor can be further optimized and developed into an 
inexpensive portable device for detection of explosives and the integrated 
approach that includes multiple coupled detection mechanisms and built-in 
preconcentration will also be useful for other chemical and biosensors.  
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CHAPTER 4 
DETECTION OF NITRO AROMATIC EXPLOSIVES USING AN 
ELECTROCHEMICAL AND OPTICAL SENSOR 
 
Chapter 4 describes the experiments performed for the detection of 
nitroaromatic explosives using an electrochemically assisted optical 
sensor and presents the results and discussion of those experiments. 
 
4.1 Optical detection 
A very interesting property of nitro aromatic compounds was 
observed in the electrochemical reduction process utilized to create the 
reduced species that interact with the polymer nanojunction and detect the 
reduction peaks electrochemically. The reduction products display a red 
color (Fig. 20) not found in the non-reduced species or on the reduced 
ionic liquid without the analyte. 
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Figure 20. ITO electrode image with TNT in BMIM-PF6
- before 
electrochemical reduction (left) and after electrochemical reduction at        
-1.7V vs. Ag quasi-reference electrode. 
 
Such optical property change can be used to add another 
dimension to the sensor by using an optical detector specific for the 
absorption spectra of the reduced nitro aromatic compounds. This unique 
signature can increase the selectivity and reliability of the sensor. 
 
4.2 UV- vis spectra 
These changes in optical properties of the reduction products of the 
electrochemical reduction of nitroaromatic compounds was then studied 
using UV – visible spectral analysis to determine the specific absorption 
wavelengths of those products. 
First a baseline spectra was captured using the BMIM-PF6
- ionic 
liquid for calibration. Then spectra of the desired compound diluted in IL 
was captured before electrochemical reduction and finally the solution was 
electrochemically reduced according to the procedures described 
previously for the reduction of the nitroaromatic compounds and the 
spectra was then recorded. Figure 21 shows the absorbance peaks 
resulting from the change in optical properties of the solution now 
containing the reduction products. Each compound shows a distinctive 
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absorption peak which will serve as a fingerprint for compound 
identification. 
Figure 21. UV-vis spectrum of electrochemically reduced TNT(A), DNT(B) 
and Picric Acid (C) in IL versus non reduced species. Reduced TNT 
shows an absorption peak ~450-490nm. Reduced DNT shows an 
absorption peak ~648nm and reduced Picric Acid shows an absorption 
peak ~450-490nm. The initial concentration of the nitroexplosives was ~ 
hundred µM, and the reduction potential of -2.0 V vs. Ag reference 
electrode. 
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The experiment was also performed by collecting TNT vapors in the 
ionic liquid using the same sample heating methodology used for 
preconcentrating TNT described in chapters 2 and 3 (Fig.22A). This 
demonstrates that this technique can also detect trace levels of TNT 
available from vapor samples created from solid samples in the microgram 
level. Figure 22 B shows the absorbance increase for each 
electrochemical reduction cycle performed on the same sample. The 
increase in response at a wavelength of 450nm increases linearly for TNT 
reduction. 
 
 
Figure 22. UV-vis spectra of TNT in IL. (A) TNT vapor in IL before (red and 
green) and after reduction (blue) and (B), before (Black) and after a 
progression of 5 (R1-R5) reduction steps. 
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4.3 Sensor System 
Detection of trace explosives is a leading priority in security. 
Despite significant advances made recently, [5, 10, 50] a portable device 
that can be reliably deployed in a field environment still faces formidable 
challenges. These challenges include low levels of explosives in most 
practical scenarios, multiple interferences from common household and 
personal care products, variable environmental conditions (e.g., 
temperature, humidity, and pollutants), and the need for low-cost and 
highly portable detection methods. Here, we present a novel hybrid 
electrochemical-colorimetric (EC-C) sensing platform to meet these 
challenges. The hybrid sensor is based on consorted operations of 
electrochemical reactions of trace explosives, colorimetric detection of the 
reaction products, and unique properties of the explosives in an ionic 
liquid (IL) (Figure 23). Unlike previous electrochemical detection methods, 
the electrochemical reactions in the present work are mainly used to 
generate reaction products (Figure 24) which are detected with an optical 
imaging device (Figure 23). This approach affords not only increased 
sensitivity but also selectivity as evident from the demonstrated null rate of 
false positives and low detection limits. 
A basic version of the device is constituted of merely a 
microcontroller-based potentiostat, a typical webcam, a transparent 
substrate of indium tin oxide (ITO) printed electrodes, and a thin layer of 
ionic liquid (IL) covering it (Figure 23). Excellent selectivity is achieved by 
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(1) controlling the electrode potential to induce the electrochemical 
reactions of the target analytes, (2) specific interactions between the 
reaction products and the supporting electrolyte (IL), and (3) distinct 
optical absorption patterns. In addition, the device hardware can be rather 
simple and compact, allowing the benefits of low cost and high portability. 
 
Figure 23. Schematic of Optical detection assisted by electrochemistry for 
TNT detection from vapors.  
 
One of the key elements of the hybrid sensing platform is the use of 
a thin layer of 1-butyl-3-methylimidazolium hexafluorophosphate (BMIM-
PF6
-), [46, 51, 52] an IL with extraordinary properties (see Appendix A for 
details). The BMIM-PF6
- coating provides (1) a medium that selectively 
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preconcentrates explosives and quickly transports the analytes to the 
electrodes, (2) an electrolyte that is highly stable under ambient conditions 
for electrochemical reactions, and (3) a medium that promotes the 
formation of colored reduction products. We applied this hybrid sensing 
platform to detect nitroaromatic explosives and explosive signatures, 
including 2,4,6-trinitrotoluene (TNT), picric acid (PA), and 2,4-
dinitrotoluene (DNT). This approach should also be applicable to other 
nitroexplosives. 
 
Figure 24. Schematic of integrated electrochemical reaction assisted 
optical sensor for TNT vapors. TNT is reduced electrochemically and the 
reduction product forms and azo-aromatic structure that can be optically 
detected. 
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The colorimetric detection was performed on an ITO substrate with 
a white light LED and a diffuser located on the backside. The ITO 
substrate consisted of three independent areas modified with an ionic 
liquid film. The thickness of the IL coating was optimized to compromise 
the partition efficiency, which increases its interaction with the analyte, and 
diffusion rate of the analytes, as well as the electrical conductivity of the IL 
electrolyte. The best thickness was found to be a few tens of micrometers 
(30-40 µm) which can be reproducibly formed by applying small volumes 
of dilutions of IL in acetonitrile on hydrophobically modified ITO substrate. 
The ITO substrate was divided into three electrically isolated areas, 
serving as working (WE), counter (CE) and reference (RE) electrodes, 
respectively. The WE and the RE areas also served as sensing (Sens.) 
and reference (Ref.) areas (Fig. 24) for the optical detection scheme. 
Images were taken before and after applying a negative potential to WE. 
The potential was controlled with either a commercial mini-potentiostat 
(CH Instruments Inc.) or a microcontroller-based potentiostat immediately 
after the air sample collection. The images of the sensing and reference 
areas were captured with a webcam, and the Red, Green and Blue (RGB) 
components in each area were determined with a MATLAB® program. The 
ratios of the RGB components in the sensing area with respect to the 
reference area (_RSens/_RRef,_GSens/_GRef, _BSens/_BRef) were 
calculated to reduce the effect of the LED intensity fluctuations. The 
_(RGB)Sens/_(RGB)Ref ratios were processed as transmittance and in 
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some cases, converted into absorbance by taking – log 
[_(RGB)Sens/_(RGB)Ref]. 
 
We have studied the electrochemical responses of TNT, PA and 
DNT using both Au and ITO as working electrodes (Fig 25). In each case, 
distinct reduction currents were observed in the presence of the analytes. 
For comparison, we have also determined cyclic voltammograms of the 
electrodes in bare IL, which show little current over a broad potential 
window. 
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Figure 25. Cyclic voltammograms of nitroexplosives vs. IL blanks: (A) 
TNT, (B) PA and (C) DNT obtained on a gold electrode at 100 mV/s. 
Potentials are referred to Ag wire quasi-reference electrode. 
Concentrations of nitroexplosives are in mM range. Similar features were 
obtained on ITO electrodes. 
 
In addition to providing a desirable medium [46, 51, 52] to promote 
the formation of stable colored reaction products, the IL has an 
astonishing preconcentration capability for the explosives. Figure 27 
shows the relative preconcentration capacities of BMIM-PF6
- toward 
different analyte vapors determined on a BMIM-PF6
- coated quartz crystal 
mass loading sensor (described later in the characterization section). The 
partition coefficients obtained from these measurements as well as from 
UV-visible quantification are as follows: 5.0 × 105 for TNT, 4.0 × 105 for 
DNT, 1.2 × 105 for nitrotoluene (NT), 2.9 × 103 for xylenes, 7.1 × 102 for 
benzene, 3.7 × 102 for water. The coefficient increases rapidly with the 
number of nitro groups in the aromatic structure. This effect may be 
related to a combination of several factors: (1) electron-withdrawing power 
of nitro groups, (2) electron-donating properties of the IL, due to 
deprotonated BMIM cations (acidic), [46] and (3) hydrophobic anions (PF6
-
)[46] all of which increase the interactions of the nitro compounds with the 
ionic liquid. According to the mass sensor measurements (Figure 26), PA 
shows 6 times larger affinity than TNT, indicating that the hydroxyl group 
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may promote hydrogen bond interactions with a BMIM cation and lead to 
the larger partition coefficient. 
The high and selective preconcentration capability of BMIM-PF6
- for 
the explosives is partially responsible for the high sensitivity and selectivity 
of the hybrid sensor. The achieved detection limit is in the ppbV range. 
However, based on the noise level (∼10-4) of the webcam/LED and IL 
preconcentration factor, the estimated detection limit is a few tens of parts 
per trillion in volume (pptV). The detection limit can be further improved by 
using a more sophisticated optical [53] and more efficient electrochemical 
detection [54] system. 
 
The electrochemical reduction products from the nitro aromatic 
explosives were identified to be azo and azoxy derivatives, using Fourier 
transform infrared spectroscopy (FTIR) and liquid chromatography/mass 
spectrometry (LC/MS) (discussed later in the characterization section). 
This identification is also supported by work on nitrosobenzene in 
acetonitrile [55, 56]. No visible color changes have been found in the 
electrochemical reduction of TNT in aqueous solution, so the IL medium is 
essential to provide a stable environment for the reaction products with a 
distinct color for TNT. Electrochemical reaction products with distinctive 
colors can also be produced in the IL for other nitroaromatic explosives, 
such as PA and DNT (Fig. 21). 
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Figure 26. Color (absorbance) changes during the electrochemical 
reduction of TNT in BMIM-PF6
-. The absorbance change for each color is 
defined as the logarithmic ratio of the intensity in a sensing area (working 
electrode) to the intensity in a reference area (reference electrode). Insets 
show two images taken before (0.0 V) and after (-1.5 V) TNT reduction. 
The distinct color change provides a fingerprint for identification and 
quantification of the explosive. 
 
 
4.4. Interferents Study 
We have also demonstrated highly selective detection of explosives 
with various common interferents with realistic concentrations such as 
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large humidity changes (∆RH ) 21%), perfumes, mouth wash vapors, 
cleaners (all at ∼1% of saturation vapors), and high vapor pressure 
petroleum derivatives (84 ppmV). Figure 27 shows the relative color (Red 
(R), Green (G), Blue (B)) changes due to different explosives and as well 
as the interferents. 
Large color changes are detected only in the presence of the 
explosives, and no color changes are visible within the noise level for all 
the interferents, which demonstrate discriminative detection of 
nitroexplosives from common interferences (Fig. 27). Furthermore, the 
data show distinct color patterns for different explosives, allowing us to 
identify different nitroexplosives. We note that additional discrimination 
can be achieved by (1) controlling the electrochemical potential because 
different analytes have different electrochemical activities (Fig. 21) and (2) 
following the kinetics of the color changes due to the different reaction 
mechanisms. We have determined the total color change on a sensing 
area normalized by the color change of a reference area as a function of 
analyte concentration and observed a quasi linear dependence, which can 
be used for quantitative detection of explosives. 
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Figure 27. RBG absorption change for reduced nitro aromatic explosives 
vs. common interferents 
 
In summary we demonstrated a highly selective, sensitive, and low-
cost hybrid sensing platform developed based on extraordinary properties 
of explosives in an ionic liquid (BMIM-PF6
-) and an integrated 
electrochemical and colorimetric sensor approach. High selectivity is 
achieved due to a selective preconcentration effect of BMIM-PF6
- on the 
nitroaromatic compounds tested, their distinct electrochemical activity, and 
RGB color patterns of their reaction products. High sensitivity is possible 
because of the large preconcentration factors and large optical extinction 
coefficient of reduced products. Using an inexpensive webcam as the 
optical sensor we have achieved a detection limit of ppbV and 
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demonstrated selective detection of explosives in the presence of 
common interferences (perfumes, mouth wash, cleaners, petroleum 
products, etc.).  
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CHAPTER 5 
CHARACTERIZATION 
 
In this chapter the characterization of the sensor characteristics 
along with the physical properties of the electrochemical reduction 
products generated for the detection of nitroexplosives that support the 
discussion of the experimental results in the previous chapters are 
presented. 
 
 
5.1 Preconcentration coefficient measurements 
Quartz crystal tuning forks (TFs) modified with the IL were used as 
mass loading sensors to characterize the preconcentration coefficients for 
different analytes. These sensors have been described elsewhere [57, 
58]. The TF sensors have a frequency resolution of 2 mHz, corresponding 
to ~ 1 pg / mm2 mass detection limit. The amount of the IL coating was 
determined from the resonant frequency change. Equilibrated vapors of 
the nitroexplosives and other related molecules and humidity were brought 
into contact with both IL-coated and bare TF sensors with a mini-pump 
(Parker Hannifin Corporation) at a rate of 125 mL/min. The frequency 
changes were recorded during the exposure and purging periods. No 
changes were observed on the bare sensors, but the IL-coated sensors 
showed clear responses towards the vapors. Some examples are shown 
in Fig 29. 
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In parallel, UV-visible spectra of IL unexposed and exposed to 
nitroexplosive vapors equilibrated with nitroexplosive solids were 
performed to independently determine the absorption capability of 
nitroexplosives in IL. Preconcentration factors were estimated based on 
the final nitroexplosive concentration determined from the frequency shifts 
in mass loading sensors as well as from UV-Vis spectroscopic 
measurements. We found that the IL absorption capability of explosives 
performed by flowing vapors of nitroexplosives generated from the solid 
powders tends to be higher than those measurements performed in 
absence of flow. We believe that the difference is due to the presence of 
small particulates nitroexplosives in the flow-through measurements. 
Therefore, we determined the partition coefficients of 
nitroexplosives from the measurements without flow. 
 
 
Figure  28. Nitroexplosive preconcentration measurement of (A) DNT and 
(B) PA in IL-modified TFs. 
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Figure 29. Comparison of adsorption capability of the ionic liquid (IL): 
ButylMethylImmidazole-Hexafluorophophate (BMIM-PF6
-) towards 
nitroaromatics with respect to regular aromatic hydrocarbons and 
humidity. (A) Response of IL modified mass loading sensor (tuning fork) 
towards 10 ppbV TNT vapor injections at room temperature. The injection 
period of TNT (10-min) on BMIM-PF6
- is indicated with double arrows. (B) 
Sensitivity of modified TF towards different analytes. The influence of nitro 
groups on aromatic structures is noticed. 
 
5.2 PEDOT thermal stability 
Heating the analyte samples while having the sensing element at a 
close distance will increase the temperature at which the sensor will work. 
TNT samples can be heated to 60 °C safely. Our chosen electrolyte 
BMIM-PF6
- can withstand temperatures up to 200 °C which makes it 
suitable for this application. 
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Temperature stability studies where performed on the PEDOT 
nanojunctions by having a resistive heating element at a proximity of 
~1cm. The polymer was exposed to heat pulses of ~60 °C for 30, 60, 120, 
180 seconds with 2 minutes of non-exposure times in between to observe 
any thermal relaxation effects (Fig. 30). The polymer seems immune to 
temperature changes in the tested range. 
 
Figure 30. PEDOT nanojunction thermal stability. Current vs. 
electrochemical potential vs. Ag reference electrode of a PEDOT 
nanojunction in BMIM-PF6
- after different exposure times to 60 °C heat 
pulses. 
 
5.3 Diffusion studies  
Figure 31 shows the PEDOT nanojunction response vapors from 
1µgram of TNT. Each curve is taken every cycle; the scan rate is 
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100mV/sec. This figure represents the detection process summarized by 
figure 12 in chapter 3, which shows only the stabilized curve before TNT 
vapor introduction (black) and after detection of TNT and potential shift 
stabilization (red) together with the shift induced by mechanical stirring 
(blue) of the ionic liquid. 
 
Figure 31. Id vs. Eg plot of the PEDOT nanojunciton sensor response to 
TNT vapor. TNT sample heated at 60oC for 5minutes. Curves are 
recorded after stabilization (Black on right side), during heating and at 
various times after heating until stabilization (Black on left side). The result 
is a 100mV potential shift measured at a constant current of ~15µA. 
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Figure 32 shows data taken from the potential shift after every cycle 
in fig 31 at a fixed current level (~15µA). The data was then fitted to a one 
dimensional diffusion model to describe the diffusion of the TNT reduction 
products generated at WE3 to the polymer nanojunction.  The diffusion 
coefficient of 3x10-7 cm2/s obtained from the plot is consistent with the 
diffusion coefficient of nitro aromatic compounds in the BMIM-PF6
- ionic 
liquid, thus demonstrating that the sensor response is limited by the 
diffusion limited mass transport.  
Figure 12 also shows the potential shift after mechanical stirring of 
the IL. From both of these observations we can conclude that in order to 
improve the response time of the sensor we would need to close the gap 
from the WE3 and the WE’s 1 and 2 where the polymer nanojunction is 
formed. This gap is currently ~300µm and can easily be reduced by 
optical lithography to a few µm. The other option to reduce the response 
time is to increase the mass transport using microfluidics or some 
pumping/stirring device. 
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Figure 32. Electrochemical shift versus time plot of the detection of TNT 
vapors using the PNJ sensor. Data fitted using a one dimensional diffusion 
model. Fitted equation:  Y=A*X1/2  Where: Y is the measured potential shift 
in mV, A is a constant that includes all constant Parameters in mV/s1/2, X 
is time in seconds  A=(k*C*Area*D1/2). K is a proportionality constant 
between potential and concentration, K=3.2x1015 mV/mol, C is 
concentration C=1.7mM = 1.7x10-3 mol/m3, Area = 0.5x10-6m2, D is the 
diffusion constant D= 3x10-7 cm2/s = 30x10-12m2/s 
 
5.4 FTIR, HPLC and Mass Spectra 
We characterized the TNT reduction products using Fourier 
Transform Infrared (FTIR) spectroscopy, High Performance Liquid 
Chromatography (HPLC) followed by Mass Spectroscopy. The results 
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show the presence of high molecular weight products, such as azo- and 
azoxy-aromatic dimers, trimers and larger molecules (Fig.36) [22, 46, 56]. 
To examine if these reduction products can chemically react with the 
PEDOT nanojunction, we measured the redox reactions of PEDOT via 
cyclic voltammetry in the presence of the TNT reduction products and 
found no obvious change in the PEDOT redox reactions. This observation 
indicates chemical reactions of the TNT reduction products with the 
PEDOT are unlikely. Based on these results, we conclude that the TNT 
reduction products can bind to the PEDOT and act as dopants that shift 
the Id - Vg curve negatively. 
 
FTIR spectra of TNT in IL solutions were obtained before and after 
TNT reduction, using IL as background spectrum (Fig. 33A). The 
differential FTIR shows a decrease in the nitro-bands and an increase in 
the azo- band (Fig. 35B). 
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Fig. 33. (A) FTIR spectrum corresponding to TNT and TNT reduction 
products in IL. (B) Differential FTIR spectrum (Reduced TNT - TNT) after 
normalization.  
 
The reduced TNT solutions were further analyzed by HPLC/MS. 
Several elution peaks were observed in HPLC chromatogram, indicating a 
heterogeneous nature of the products (Fig. 34). MS spectra of several 
eluted peaks reveal high molecular weight compounds ranging from 326-
543 (m/z) (Fig. 35), corresponding to a range of possible azo and azoxy 
derivatives. The data suggests that, at least, dimers and trimers with nitro, 
amino and/or nitrosamine substituents are present in the reduction 
products. Fig. 35 shows one of the azo-products identified for 326.3 m/z. 
The diverse nature and multiple molecular weight products indicate that 
the reduction of nitroaromatics in IL may be associated to multiple reaction 
pathways, and further spectroscopic characterization studies are needed. 
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Fig. 34. HPLC of TNT reduced products in acetonitrile-water mixtures. 
Seven major fractions (F1-7) were observed from the HPLC run. 
 
 Figure 35. Mass spectrum of F2 from Fig.34: Two major products of 326 
and 543 were observed. F7 was identified as IL: BMIM-PF6. Other 
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fractions had high molecular weight associated products ranging from 326 
– 543 mass (m)/charge (z). 
 
 
  73 
Figure 36. (A)Structure of the possible reduction products after TNT 
reduction in IL. (B)Structure of the possible polymerization of reduction 
products of TNT electrochemical reduction. 
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CHAPTER 6 
FUTURE WORK 
 
6.1 Polymer nanojunction-EC- Optical hybrid sensor 
The integration of the polymer nanojunction, electrochemical and 
optical sensors can yield a powerful system platform for explosive 
detection. The polymer nanojunctions not only improve the system’s 
sensitivity as demonstrated by the work described in previous chapters, 
but can also be easily set as an array to improve reliability by having 
redundancy. The electrochemical and optical sensors increase the 
selectivity by measuring unique features of the analyte and its 
electrochemical reaction products. 
This hybrid sensor system approach benefits from the orthogonality of the 
individual sensors improving the probability of detection even in interferent 
heavy environments while further reducing the false positive and false 
negative readings. 
 
6.2 Sensor portability and remote sensing 
Another set of features that will improve the sensor utility are 
portability and remote sensing capabilities. 
All 3 sensors can be fabricated on a single chip on a transparent 
substrate with optical lithography defined electrodes for the nanojunctions 
and the electrochemistry. The nanojunction electrodes can be further 
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improved by decreasing the gap though electro deposition of the electrode 
material. The system can then easily be integrated with a heating element 
and a small pump for sample collection. This portability will allow the 
sensor to be placed or carried to different environments and locations 
where explosive detection is needed.  
For some dangerous situations remote sensing is a desired feature 
that will allow the user to place the sensor at the desired location and 
receive the data avoiding the risk of being near the explosive materials. 
This could be done by integrating the electronics to transmit with Blue-
tooth to a handheld device that can receive and process the data and give 
the user the result of the sensor response. 
 
6.3 Sensor integration for multiple compounds 
Moving forward, this sensor platform can be expanded to detect 
multiple compounds. 
The polymer nanojunctions can be fabricated of different polymer 
materials that respond to different analytes or can be chemically modified 
with other structures such as peptides to be more selective as it has been 
demonstrated in our previous work [34, 35]. The nanojunction sensor 
coupled with an electrochemical sensor, which will give the redox 
characteristics/fingerprint of the material, and an optical sensor, that can 
detect the optical properties of such analyte, can yield a sensor array can 
be used to detect various different explosive materials from precursors like 
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the nitroaromatic TNT, ammonia and perchlorates to explosives like 
cyclotrimethylene trinitramine (RDX) and pentaerythritol tetranitrate 
(PETN) which are nitro-based compounds as well as peroxide based 
triacetone triperoxide (TATP). 
This will be a more comprehensive system that can be used more 
widely in the detection of explosives in various applications covering a 
higher percentage of the possible scenarios and improving our capability 
to keep people safe and respond quickly to any threat. 
 
6.4 Example application 
One of the most important applications of explosives sensors is 
airport security. An example of the application of an electrochemically 
assisted colorimetric sensor is shown in figure 37. The sensor system 
could be used to fingerprint the person tested while capturing micro 
particles in a thin ionic liquid film on a glass slide. The electrodes needed 
for the electrochemical reduction of the nitroaromatic explosives could be 
fabricated out of ITO on top of the glass, making the device transparent 
enabling it for optical detection using a photo detector. A CCD fotodetector 
can be enclosed underneath the slide and used both for capturing the 
fingerprint image as well as the colorimetric response to nitroaromatic 
explosive materials. Finally, both the fingerprint image and the result of the 
colorimetric sensor can be sent to a PC though a USB cable or wirelessly 
for further processing and storage. 
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Figure 37. Schematic of an electrochemical assisted colorimetric 
sensor/fingerprint scanner. 
 
In order to avoid cross contamination, the sensor chip can be a 
disposable cartridge that is interchanged after each use.  
The proposed approach not only allows for the system to be quite 
portable and easy to implement in various locations, but also provides a 
way to link the sensor’s result to an ID. This can yield a powerful database 
with detection history that law enforcement agencies could benefit from. 
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CONDUCTIVE POLYMERS  
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1. Introduction 
In 1977, Shirikawa, Heeger and MacDiarmid discovered that the 
doping of polyacetylene (with arsenic pentafluoride) increase the polymer 
conductivity [59] several orders of magnitude (Fig. 38). The alternating 
single and double bond structure of conductive polymers (Fig. 39) is one 
of the key elements that gives them their conductivity properties [60].  
 
 
Figure 38. Comparison between conductive polymers conductivity range 
upon doping and materials ranging from insulators like quartz, 
semiconductors like silicon and metals like copper. 
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Figure 39. Conductive polymers and their chemical structure. By 
introducing dopants into conductive polymers, we can tune their 
conductance properties over several orders of magnitude ranging from 
insulator behavior all the way to metallic [61, 62] (Figure 38). 
 
2. Conduction mechanisms  
To understand the conduction mechanisms in conductive polymers, 
let’s take a look at polyacetylene. In this structure of conjugated double 
bonds, the sp2 orbitals in the carbon atoms are hybridized. Three of the 
valence electrons in the hybridized orbitals make the π-bonds. The fourth 
valence electron in the pz orbitals, which overlap between adjacent atoms 
but do not have such a strong interaction as the sigma bonds, form a π-
bond, where the double bond is located.  
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When two energetically equal structures couple at a certain point, 
disrupting the alternation of single and double bonds, a surface effect 
known as a kink or soliton arises (Figure 40). A soliton is a non-linear 
phenomenon involving non-dispersive transport of energy in a dispersive 
medium. This means solitons can move within the polymer structure. They 
can be neutral, positively or negatively charged, depending of the number 
of electrons in the π-orbital [63, 64]. 
There are also motionless charged states in polymers that do not 
have two degenerate ground states, since there are no two energetically 
equal structures. These states are positive soliton and negative soliton 
radicals and are found in polyaniline [65]. The distortion of the molecular 
lattice creates, in this case, a localized electronic state. Therefore the 
lattice distortion is self-consistently stabilized. 
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Figure 40. Conduction mechanism for conductive polymers like 
polyacetylene. 
Positive solitons are also called polarons and have a unit charge 
and a spin of ½. A bipolaron consists of two coupled polarons with charge 
= 2e and no spin. 
The formation of bipolarons is more favorable than forming 2 
polarons since it requires 0.4eV less energy [66]. Bipolarons are created 
by the coupling of two polarons or the addition of charge to an existing 
polaron. 
The degree of unsaturation and conjugation of a polymer influences 
the charge transport through the orbital overlapping in the polymer chain. 
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Structural defects as well as dopants can affect transport properties. 
Dopants generate a charge carrier by reorganizing the structure and 
creating intermolecular links (Fig. 41) that will affect the charge transport 
[62, 67]. Different polymers have different transport properties. 
The transport in polyaniline is due to polarons (positive solitons). 
The doping of the polymer structure induces transitions from insulating 
states to metal like behavior that create those polarons. These transitions 
are due to protonation, and depend on the redox states of the polymer and 
the supporting electrolyte used [68, 69]. 
An important feature of conductive polymers is the capability to 
conduct both electrons and ions. Ion transport occurs by inserting and 
releasing either anions or cations during electrochemical switching and 
depends on the charge compensating species used during polymerization 
[70].  
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Figure 41. Intra-molecular, inter-molecular and inter-fibrilar charge transfer 
in polymer chains [71]. 
 
The orientation and packing of conjugated backbones significantly 
affect the physical and electrical properties of conducting polymer [67]. A 
high degree of molecular order leads to a planar backbone with a long 
conjugation length, which facilitates the delocalization of the charge 
carriers along the polymer backbone. Optimal chain packing enhances 
communication between conjugated chains via π-π interactions [63, 64, 
71], allowing for conduction in the second dimension (Figure 41). 
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ROOM TEMPERATURE IONIC LIQUIDS   
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1. Background 
Room-temperature ionic liquids (RTILs), also known as liquid 
organic, molten, or fused salts, are a class of nonmolecular ionic solvents 
with low melting points. The accepted definition of an RTIL is any salt that 
has a melting point lower than ambient temperature[72]. However, “ionic 
liquid” (IL) is often applied to any compound that has a melting point <100 
°C. Most common RTILs are composed of unsymmetrically substituted 
nitrogen-containing cations (e.g., imidazole, pyrrolidine, pyridine) with 
inorganic anions (e.g., Cl–, PF6
–, BF4
–). Ionic liquids are also interesting 
because of their other useful and intriguing physicochemical properties. 
Wilkes et al. first reported ambient-temperature ionic liquids based on the 
1-alkyl-3-methylimidazolium cation in 1982 [73]. Since then, many ionic 
liquids containing a variety of cations and anions of different sizes have 
been synthesized to provide specific characteristics. Ionic liquids have 
negligible vapor pressures at room temperature, possess a wide range of 
viscosities, can be custom-synthesized to be hydrophilic or hydrophobic, 
are highly stable, and are capable of undergoing multiple solvation 
interactions with many types of molecules [74]. Because the unique 
combination of cations and anions influences the various properties of 
Ionic liquids, they have been described as designer solvents [75]. 
In the next sections we will describe the physical properties of room 
temperature ionic liquids and how they are used in various applications. 
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2. Physical Properties 
Room temperature ionic liquids possess properties such as high 
thermal stability, non-volatility, high polarity, large viscosity, high intrinsic 
conductivity, and wide electrochemical windows that make them suitable 
for their use as solvents and in applications such as electrochemistry, 
mass spectroscopy and chromatography. 
 
2.1Viscosity 
RTILs are viscous liquids, their viscosities are 1-3 orders of 
magnitude higher than those of conventional solvents [76]. From a green-
chemistry standpoint, the fact that ILs have little vapor pressure is of 
considerable interest because they produce few volatile organic 
compounds compared with traditional organic solvents [77]. The potential 
for explosions is minimized because many RTILs have little or no 
flammability and no flash point. 
All results from this approach have indicated that IL solvents have 
polarities close to those of short-chained alcohols. Nevertheless, it is well 
known that two ILs with different cation–anion combinations can have 
significantly different effects on reaction rates, product ratios, 
chromatographic retention, and extraction selectivity [72, 73, 78]. This 
polarity-based parameter, however, provides a “weighted average” of all 
solvation interactions and fails to discriminate among the various 
properties of ILs with different cation–anion combinations. 
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For example, the anion largely controls the hydrogen-bond basicity, 
whereas the effect of the cation is smaller and influences π–π interactions 
(depending on the structure) and in some cases the hydrogen bond 
acidity. 
The viscosity of an ionic liquid is an important consideration in 
electrochemical studies due to its strong effect on the rate of mass 
transport within solution. As a consequence of its 1 -3 orders of magnitude 
greater viscosity, diffusion of electroactive species in RTIL solvent is 
slowed by a similar factor. The anion species has a large effect on the 
viscosity of an ionic liquid, in particular through their basicity and ability to 
participate in hydrogen bonding. For example, the perfluorinated BF4
- and 
PF6
- anions form much more viscous ionic liquids (containing strong HHF 
interactions) [79] than those formed by the weakly basic N(Tf)2
_ anion, in 
which the negative charge is extensively delocalized over the two 
sulfoxide groups [80]. Altering the organic cation causes a more subtle 
change in viscosity, and this is attributed to the influence of van der Waals 
interactions; viscosity generally increases with increasing cationic size (for 
example, by increasing alkyl chain length) [80]. Thus, the correlation of the 
physicochemical properties of RTILs with their structures implements a 
subtle balance between electrostatic and inductive forces [81]. 
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2.2 Conductivity 
Being composed entirely of ions, RTILs possess an abundance of 
charge carriers and so, based on this consideration alone, a large 
conductivity might initially be predicted. Overall, however, the conductivity 
of any solution depends on both the number of charge carriers and their 
mobility, and what ionic liquids make up for in the former category is 
counteracted by the extremely slow rate of mass transfer of their large 
constituent ions. Consequently, RTILs have conductivities on par with 
those of organic solvents with added inorganic electrolytes, but not 
significantly larger. While contributing little improvement over conventional 
nonaqueous solvents in terms of their absolute conductivity, however, 
ionic liquids do offer the advantage that this property is intrinsic to the pure 
liquid and does not require the addition of a separate salt. For example, 
this could be beneficial in the study of reactions in which a supporting 
electrolyte may interfere, or may simplify the extraction and purification of 
the product from an electrosynthetic process. Conductivity of ionic liquids 
is strongly linked to viscosity and ion mobility. 
Room-temperature ionic liquids exhibit conductivities in the broad 
range 0.1-20 mS cm-1 [80, 82, 83]. Rather high conductivities of the order 
of 10 mS cm-1 can be found in the imidazolium family [84]. 
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2.3 Diffusion of Electroactive Solutes 
The reproducibility of steady-state cyclic voltammetry at 
ultramicroelectrodes and polarization measurements at thin layer cells 
measurements of ionic liquids is comparable, and the determined diffusion 
coefficients are on the order of 1 × 10-7 cm2 s-1 [85]. This is a typical 
diffusion coefficient in RTILs. As examples, similar values have been 
measured for larger organic molecules such as ferrocene 
[86],tetrathiafulvalene, N,N,N′,N′-tetraalkyl-phenylenediamine [87], and 
some aromatic compounds [88]. 
 
2.4 Solvent Properties, Structural Aspects, and Specific Solvation Effects 
In RTILs, there is a complex interplay of forces (Coulombic, van der 
Waals, hydrogen bond, and π-π or n-π stacking), which controls the 
solvation in these media [74]. RTILs are, with no doubt, polar solvents, 
exhibiting a high polarizability. But recent works focusing on imidazolium, 
pyrrolidinium, pyridinium, quaternary ammonium, and sulfonium [NTf2] 
salts studied the static dielectric response of these RTILs and classified 
them as solvents of moderate polarity, corresponding to alcohols like n-
hexanol [89].It has been also demonstrated that RTILs can act as 
hydrogen-bond donors and acceptors. The basicity of RTILs depends on 
the nature of the anion while the hydrogen-bond acidity is more related to 
the nature of the cation, but it is balanced by the anion, or even by the 
presence of water [90]. 
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The formation of ion pairs in 1-alkyl-3-methylimidazolium salts 
containing various anions, Cl-, PF6
-, NTf2
-, or BF4
-, has been demonstrated 
by NMR [91],FTIR [92], neutron diffraction [93], and calculations [94]. 
These investigations showed evidence for strong hydrogen-bonding-type 
interactions involving the C2H proton of the imidazolium cation. The 
Coulombic attraction is the dominant stabilizing force, but the charge 
transfer and orbital interaction can contribute significantly. In the case of 1-
butyl-3-methyl-imidazolium tetraphenylborate ionic liquid, a closely related 
CsH  π interaction was also reported between the hydrogens of the 
imidazolium cations and the phenyl ring of the tetraphenylborate anion 
[37]. 
 
3 Common applications 
3.1Gas Chromatography 
In order to be used as a stationary phase in gas chromatography a 
compound must be thermally stable at high temperatures; viscous; easy to 
apply for immobilization on the capillary wall; and capable of providing 
selective, high-efficiency separations. Room temperature ionic liquids 
possess all of these properties as well as providing multiple solvation 
interactions with molecules which are important for separation [74, 95]. 
Generally in gas chromatography polar stationary phases are used and 
nonpolar molecules are eluted earlier than polar molecules. RTILs 
possess an interesting property: a “dual-nature” behavior. That is, the 
  105 
stationary phase separates polar molecules as if it were a polar stationary 
phase and separates nonpolar molecules like a nonpolar phase [95, 96]. 
This is possible because ionic liquids are solvents capable of all types of 
intermolecular interactions (such as dipolar, hydrogen bonding, or charge 
interactions, singly or combined) that can be used to separate polar 
molecules and a dispersion interaction capability to separate nonpolar 
molecules.  
 
3.2 Extractions 
A distinct advantage of RTILs is that they can be custom-
synthesized to be either water- or hexane-immiscible, and this makes 
them useful for liquid–liquid extractions. The choice of the anion (and in 
some cases, the structure and functionality of the cation) controls the 
water solubility of the RTIL. Most water-immiscible or hydrophobic RTILs 
contain either PF6
– or bis[(trifluoromethyl)sulfonyl]imide anion. 
 
3.3 Electrochemistry 
Ideal electrolytes should possess high ionic conductivity (>10–4 
S/cm), large electrochemical windows (>1 V) over which the electrolyte is 
neither reduced nor oxidized, fast ion mobility during redox reactions (>10–
14 m2/Vs), and low volatility [97]. Indeed, ILs exhibit many of these 
properties and characteristics. ILs possessing a zwitterionic structure in 
which the cation and anion are tethered (and therefore not expected to 
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migrate with the potential gradient) [98],  show much lower ionic 
conductivities in the 10–5–10–7 S/cm range. The fact that ILs possess 
much higher viscosities than normal electrochemical supporting 
electrolytes has an impact on the observed diffusion coefficients. The 
diffusion coefficients of Li+ (1.9x10–8 cm2/s), Na+ (1.4x10–8 cm2/s), and K+ 
(4.5x10–8 cm2/s) in BMIM-PF6 [99] illustrate the slow diffusion through the 
IL. A comparative study of the diffusion coefficients of a neutral molecule 
and the radical cation generated after an electrochemical reaction in an IL 
and acetonitrile shows that the diffusion coefficient of the radical cation is 
consistently about half that of the neutral molecule [100]. In contrast, in 
acetonitrile, the ratio of the diffusion coefficients was nearly 60% higher, 
an indication that viscosity and charge have considerable effects on the 
transport of diffusing species in IL solutions. 
Using IL as an electrolyte for π-conjugated polymers (polyaniline, 
polypyrrole, and polythiophene) results in long periods of stability and 
robustness for electrochemical mechanical actuators, electrochromic 
windows, and numeric displays [97] making it an attractive option as an 
electrolyte for such polymers. 
 
4 Electrochemical properties 
4.1 Electrochemical Window 
Any solvent is only suitable for conducting a range of 
electrochemical experiments on species dissolved within it if these species 
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are more easily oxidized or reduced than the solvent itself. In RTILs, it is 
generally found in practice that the constituent anions are oxidized at 
sufficiently large potentials, and that at sufficiently low ones, the organic 
cations undergo reduction. There is little variation in the anodic potential 
limit for most of the currently popular RTILs because at most commonly 
used electrode materials, the oxidation potentials of ions such as BF4
_, 
PF6
_, and N(Tf)2
_ all lie in the same 0.5 V range. At the other extreme, 
however, the cathodic limit is more variable, which depends on the identity 
of the cation; 1-alkyl-3-methylimidazolium ions are around a volt less 
stable to reduction than tetraalkylammonium or N,Ndialkylpyrrolidinium 
ions. The increased vulnerability to reduction of these imidazolium cations 
has been attributed to initial attack on the acidic proton attached to the 
ring carbon atom between the two heteroatoms, indeed additional 
alkylation of the ring at this site produces an RTIL with an enlarged 
cathodic window [80]. Overall then (and regardless of reference 
electrode), an electrochemical window of 4.5 to 6.0 V is typical for a pure 
non-haloaluminate RTIL [101] and this equals if not supersedes the 
corresponding windows observed for the commonly employed organic 
solvent/electrolyte combinations (acetonitrile/0.1m tetrabutylammonium 
tetrafluoroborate, e.g., has one of the largest electrochemical windows at 
5.0 V). 
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This additional potential range may be exploited to study the direct 
oxidation or reduction of compounds whose solution phase 
electrochemistry has so far been inaccessible. 
  
4.2 Double-Layer Capacitance 
In addition to its inherent importance in the consideration of RTILs 
for electrochemical capacitor applications, measurement of the double-
layer capacitance and its variation with potential can be used to probe the 
structure of the interfacial region between an electrode and the RTIL 
solvent to which it is adjacent. 
Ionic liquids possess double layer capacitances comparable to 
those of nonaqueous solvent/electrolyte systems. A multilayer model has 
been proposed in which the cations and anions adjacent to the electrode 
align to produce several layers of alternating positive and negative charge, 
with the excess charge on the RTIL being located several layers deep 
[102]. 
 
4.3 Effect of Impurities 
The properties of an ionic liquid can vary significantly according to 
its purity, whether present intentionally or unintentionally, additives such 
as halide ions or molecular solvents can greatly influence the results of an 
electrochemical investigation. The effect of their presence on the solvent 
window is to narrow it at the anodic extreme or generate additional 
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background signals which may interfere with the electrochemical process 
under investigation. The most prevalent impurity affecting room 
temperature ionic liquids is water. All ionic liquids will absorb atmospheric 
moisture to some extent when exposed to it. As an example of the effect 
of water absorption on the IL’s electrochemical window, the addition of 
more than 3 wt % of water to [BMIm][BF4] and [BMIm][PF6] causes a 
decrease in the electrochemical window of over 2 V [103]. The presence 
of water decreases the ionic liquid viscosity, as evidenced by an increase 
in the rate of diffusion for the neutral molecule N,N,N’,N’-
tetramethylphenylenediamine [103]. While the diffusion coefficient for this 
molecule doubles upon water saturation of a formally anhydrous ionic 
liquid solution, the effect on charged solutes is much more pronounced 
with the diffusion coefficients increasing by an order of magnitude.  
 
4.4 Gaseous Solutes 
The low volatility and thermal stability of RTILs render them 
potentially advantageous media for the detection of gases and the 
development of stable and robust sensors. The hydrophobic nature of 
certain RTILs offers a desirable alternative to conventional solvents for the 
detection of oxygen. However, the sensitivity of ionic liquids to 
atmospheric moisture must be considered in sensor design. The 
electrochemical investigation of gases in ionic liquids like oxygen [41], 
carbon dioxide [104] and ammonia [105] has been reported. The ability to 
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detect such target gases is of great importance to both the medical and 
other industries, including brewing factories, gas exhaust analysis, 
fermentation, and air-quality control. 
 
4.5 Electrodeposition 
Ionic liquids provide an advantageous alternative to aqueous media 
as their widened potential window allows for the deposition of certain 
metals that are otherwise inaccessible in aqueous solvents. Moreover, 
higher-quality deposits with more variable morphologies may be created 
due to the absence of the hydrogen evolution process that is often 
concomitant with the deposition process in aqueous media. The inherent 
properties of RTILs such as high conductivity, wide potential window, and 
air/moisture stability make them promising alternatives as unreactive, 
stable electrolytes in the development of such devices. 
Lu et al. have recently reported the use of ionic liquids based on the 
BF4
- and PF6
- anions in π-conjugated polymer electrochemical devices 
[97].The synthesis of such polymers in RTILs has demonstrated improved 
stability and increased lifetime. No appreciable degradation was observed 
after 1x106 cycles, which was an improvement by a factor of ten over that 
of previous systems [97]. 
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4.6 References Electrodes 
In [BMIm][PF6], the reversible one-electron reduction of 
cobaltocene was found to be independent of electrode composition, 
concentration, and scan rate. Similar results were obtained with the 
reversible one-electron oxidation of ferrocene, although this well-known 
electrochemical standard was reported to be poorly soluble in [BMIm][PF6] 
[106]. 
 
4.7 RTIL/Electrode Interface 
X-ray measurements on thin films on Si(111) surface with 1-alkyl-3-
methylimidazolium salts in the liquid show their ability to form organized 
layers at solid interfaces [107]. First measurements of the composition and 
molecular orientation at a liquid surface in vacuum of [BMIm]-[PF6], using 
time-of-flight ion scattering and recoil spectroscopy, showed that no ion 
was significantly enriched in the surface. The average orientation of the 
cation was found to be with the plane of the imidazolium ring vertical to the 
surface [108]. 
More recently, sum frequency generation (SFG) experiments 
performed with similar RTILs, [BMIm][PF6] or [BF4], found a different 
orientation. The SFG spectra indicate that the cation modifies its 
orientation at the electrode when the potential at the electrode changes. 
The plane of the imidazolium rings tips from 35 degrees at positive surface 
charge to around 60 degrees from the surface normal at negative surface 
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charge. Moreover, the orientation changes of the cation with the potential 
were found to be dependent on the anion and substrate nature [109, 110]. 
For example, the ability of imidazolium-based RTILs to form 
organized layer at the interface may have a special influence on the 
apparent electron transfer kinetics as proposed to explain some 
experimental kinetic measurements on these systems [88, 111, 112]. 
 
4.8 Electron Transfer Thermodynamic and Kinetic Analysis 
As a general tendency for nitroaromatic compounds, the 
electrochemical potentials are always less negative in the ionic liquid than 
in ACN/ NBu4PF6 as an electrolyte [113]. All potentials are positively 
shifted by 100-110 mV when they pass from ACN to [Et3BuN][NTf2] and 
around 240-260 mV when they pass from ACN to [BMIm][NTf2] [113]. This 
shift corresponds to a higher stabilization of the electrogenerated radical 
anion by the cation of the ionic liquid through ion-pairing associations. The 
stabilization was found to be higher when the ionic salt contains an 
imidazolium cation rather than a bulky ammonium cation. In simple 
electrostatic considerations, the ion-pairing stabilization should be 
dependent on both the distance between the RTIL cation and the NO2 
radical anion and the charge density. In the radical anion, a large part of 
the negative charge is localized on the nitro group, and thus a relevant 
distance is the distance between the NO2 group and the cation. The 
stronger interactions with [BMIm] can be explained by a lower distance 
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between the charge center of the radical anion and the cation due to the 
planar geometry of the imidazolium ring and by the ability of the 
imidazolium cation [BMIm] to make hydrogen bonds [113]. Indeed, 1,4- 
and 1,2-dinitrobenzenes exhibit two one-electron processes in acetonitrile 
(with a quaternary ammonium salt as electrolyte) but a single two electron 
reversible process in [BMIm][BF4] [114]. This effect is due to strong ion 
pairing between the imidazolium cation and the dinitrobenzene dianion, 
which demonstrates the unusual ion-pairing properties of these media. 
However, the existence of a strong interaction between the charged 
species and the cation is extremely sensitive to the cation structure and its 
influence may vary to a large extent. 
This difference of behavior observed between these two types of 
ionic liquids suggests more complex interactions than simple electrostatic 
ion pairing, which could also involve π-π interactions or H-bonding that are 
possible with imidazolium and not possible with pyrrolidinium cations. 
 
5. Electrochemistry 
5.1 RTILs as Electrolytes of Conducting Polymers 
Over the past two decades, conducting polymers produced upon 
electro-oxidative polymerization of appropriate monomers have attracted 
attention due to their interesting electrical and optical properties. These 
properties have led the conducting polymers to be incorporated into 
chemical sensors, batteries, supercapacitors, conducting textiles, 
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electrochromic devices, and light-emitting diodes, to mention a few. For all 
these applications, the use of conventional electrolytes (volatile molecular 
solvent and supporting salts) may represent a limitation because of 
evaporation of solvent or aging and degradation of the electrolytes [115]. 
The nonvolatility and high thermal stability of the ionic liquids rapidly made 
them very attractive electrolytes for this field of electrochemistry. 
Moreover, since the electrolyte used for the preparation of the conducting 
polymers has also a key influence on the properties of the resulting 
materials, including conductivity, electrochemical stability and efficiency, 
and mechanical properties, the RTILs have also attracted growing interest 
as media to perform the electrosynthesis of these polymers. All these 
works resulted in the formation of electroactive and stable polymer films 
that resembled those obtained in conventional media. For instance, FTIR 
spectroscopy of PEDOT films electrosynthesized in [BMIm][PF6] or in 
[BMIm][BF4] showed the same characteristic spectra as those reported for 
PEDOT films prepared in common organic media [116]. UV-visible 
analysis showed that the average conjugation length was roughly the 
same for both media. Easier or more efficient preparation of conducting 
polymers films in neat ionic liquids as compared with conventional media 
was highlighted in some works [117]. As a general result, the nature of 
both anion and cation strongly influence the doping processes in the 
conducting polymers, directing the morphology and the properties of the 
conducting polymers films. 
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5.2 Properties of Conducting Polymers in RTILs 
Fundamental work has been undertaken to gain further insights in 
the doping/undoping processes. It is worth emphasizing that the doping 
(or charging) process is of major concern for both the production of the 
polymers and their electrochemical activities. Whatever the 
electrochemical method chosen for performing the electropolymerization, 
polymers are produced in their oxidized form and insertion of anions 
(doping process) is necessary to counterbalance the positive charges 
[115]. If cyclic voltammetry is used, successive oxidation/reduction scans 
are operated with the as-produced polymers switching between oxidized 
and neutral states. Obviously, this requires successive insertion and 
expulsion of anions [115]. An absolutely equivalent mechanism of anionic 
insertion/expulsion is found for the electrochemical activity of a deposited 
polymer film. The redox charging process of PEDOT films in [EMIm][NTf2] 
was carefully studied by potential step experiments and electrochemical 
impedance spectroscopy [117, 118]. The PEDOT films grown in 
acetonitrile medium displayed a capacitive behavior, but instead of 
displaying the classical anion insertion/expulsion mechanism during the 
oxidation, the PEDOT films exchanged imidazolium cations (expulsion), 
while anions were trapped in the polymer film and could be considered as 
immobile species [117, 118].  The electrochemical behavior of the PEDOT 
films formed in acetonitrile then cycled in [EMIm][NTf2] was however 
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different from that of PEDOT films formed and cycled in [EMIm][NTf2]  
[117, 118]. Indeed, the former exhibited two anodic and two cathodic 
peaks. Randriamahazaka et al. attributed these patterns to the 
coexistence of two different zones: a compact layer consisting of highly 
conjugated and rigid chains whose oxidation was located to the lowest 
potentials and a more open zone with oxidation potential at a more 
positive value [118, 119]. Note that PEDOT films electrochemically 
synthesized in [EMIm][NTf2] exhibited only one anodic and one cathodic 
peak [119]. Nevertheless, the cationic exchange observed with PEDOT 
formed in acetonitrile was found to be also valid for PEDOT films 
produced in RTILs [119]. An electrochemical quartz-crystal microbalance 
(EQCM) study of poly-para-phenylene film in 1-hexyl-3-methylimidazolium 
tris(pentafluoroethyl)trifluorophosphate demonstrated that redox cycling is 
accompanied by anion and cation exchanges. With increasing scan rate, 
cation exchange became prevalent over anion exchange, indicating a 
faster kinetics for the cation expulsion [120]. PEDOT films synthesized 
and cycled in RTILs containing bulky anions showed anionic 
potentiometric responses in aqueous KCl, indicating that the anions were 
still mobile in the polymer and tended to exchange with Cl- ions from the 
solution [121]. In contrast, only cationic exchanges were observed in the 
ionic liquids [121]. As an assessment, these basic studies evidence the 
importance of the choice of the cation and conclude that the oxidation 
kinetics (expulsion of cations) is facilitated over that of reduction (insertion 
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of cation) in the RTILs. Several works reported improved properties that 
were exhibited by the polymers when prepared in the RTILs or when 
prepared in conventional electrolytes then cycled in RTILs such as an 
increase of the conductivity [122], a better electrochemical capacity [123], 
or an enhanced cycling stability [97]. 
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